Methicillin-resistant Staphylococcus aureus (MRSA) are a threat to human health worldwide, and although detected at marine beaches, they have been largely unstudied at freshwater beaches.
INTRODUCTION
The objectives of this study were to determine the occurrence of SA and MRSA at freshwater beaches, determine environmental factors that may be related to their occurrence, and evaluate occurrence in terms of US and EU recreational water-quality criteria (RWQC) based on E. coli or ENT.
METHODS Study locations and sampling
Characteristics for 12 of the 13 beaches studied are reported in Haack et al. () . One additional site was added for the study: Lake Michigan site 6, located in Michigan with 44% urban, 27% forest, 14% agriculture, 2% open water, and 12% other land cover. Beach water was sampled 17-27 times per beach from June to September 2010; water was shipped overnight on ice and processed the following day.
Escherichia coli concentrations and sanitary survey conditions for the beaches on each sample collection date were provided by local beach managers. Enterococci concentrations were determined on received samples using membrane filtration on mEI agar (USEPA ). An intensive study was conducted at the Lake Michigan 5 site on 7, 13, and 28 August 2010. Water samples were collected at six sampling locations on the beach at 2-h intervals to determine if Staphylococcus concentrations changed over the course of the day.
Staphylococcus culturing and preservation
Staphylococci concentrations were evaluated on 100 mL beach-water samples using standard membrane filtration on Baird Parker (BP) agar (American Water Works Association & Water Environment Federation ). Filters with greater than 300 colonies were not countable and concentrations are reported as >300 CFU/100 mL. Growth from these filters was collected by 15 min agitation in 10 mL phosphate-buffered saline (PBS), followed by centrifugation and pellet resuspension in 1 mL of 20% glycerol/0.5 × PBS (hereafter -BP glycerol stock), then stored at À70 W C until analysis. For the intensive study at the Lake Michigan 5 site, 100, 10, and 1 mL of the samples were filtered to more accurately determine staphylococci concentrations.
Polymerase chain reaction
DNA was extracted from 400 μL of BP glycerol stock using the QIAamp ® DNA Mini Kit following the manufacturer's protocol for isolation of genomic DNA from Gram-positive bacteria (Qiagen, Valencia, CA, USA). DNA concentrations and purity were determined with a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Template DNA was stored at À20 W C until needed for polymerase chain reaction (PCR).
Multiplex PCR was used to detect the mecA (methicillin resistance) and femA (SA) genes as described in Haack et al. 
Staphylococci concentrations
Staphylococci concentrations determined for 278 of the 287 water samples ranged from <1 to >300 CFU/100 mL (method quantification levels), with a median concentration of 65 CFU/100 mL. Staphylococci concentrations were not determined for nine samples due to overgrowth or smearing of colonies on the plate preventing enumeration. These samples were, however, preserved and analyzed for the presence of mecA and femA genes. The variability in staphylococci concentration between beaches and even on the same beach throughout the sampling season is shown in Figure 1 . Median staphylococci concentrations range from 10 CFU/100 mL at Lake Huron 1 to greater than 300 CFU/100 mL at the Lake Michigan 2 site. Only four samples had less than 1 CFU/ 100 mL and all four were from the Lake Huron 1 site. In contrast, 68 samples were greater than the maximum level of quantification of 300 CFU/100 mL. Twenty-one percent of the staphylococci concentrations were above the quantification limit of 300 CFU/100 mL; therefore, the average and ranges for the data cannot be determined.
Relation between staphylococci and indicator bacteria ing 1 year, all but one studied beach had 16 or more samples in our study. Therefore, EU water-quality classifications were assigned using the total number of samples per beach (Tables 1 and 2) . Notably, US and EU ENT RWQC were more difficult to achieve than E. coli RWQC for these Great Lakes beaches (Tables 1 and 2 ). For the purpose of this study, EU criteria for coastal and inland waters were presented, because the large size and lengthy coastlines in the US Great Lakes are similar to European coastal beaches; however, the Great Lakes are fresh water (similar to European inland waters), which may also influence bacterial survival. Lower staphylococci concentrations were found at beaches that met US RWQC or had excellent EU coastal E. coli and ENT quality (Figure 2 ), and the difference was significant for both E. coli and ENT under both US and EU criteria (Mann-Whitney U test; all P < 0.002).
The beach action value (BAV) is an optional US E. coli (235 CFU/100 mL) or ENT (70 CFU/100 mL) recommendation that can be used for monitoring and notification programs based on daily samples (USEPA ); however, beach managers do not use ENT to assess water quality at any Great Lakes beaches. This study predated the publication of the BAV recommendation, and a single-sample standard of 235 CFU/100 mL for E. coli was used at most
Great Lakes beaches at the time of this study. For beaches in Michigan, the Michigan Department of Environmental Quality standard of 300 CFU E. coli/100 mL as a GM of three concurrent samples was used. Of 13 beaches sampled, all but three had at least one exceedance of a beach BAV for E. coli and all but one had at least one exceedance of the BAV for ENT (Tables 1 and 2 ). In the majority of cases, the single-sample staphylococci concentration was greater on the day when the BAV was exceeded, as opposed to when it was met (data not shown).
Detection of SA and methicillin resistance genes and relation to beach-water-quality criteria
The femA gene was detected at 11 of the 13 beaches (Table 3) . Of 287 beach samples analyzed, femA was detected in 51 samples (18%), and of those 51, 27 (53%;
9% of all samples) were also positive for mecA. Using Spearman's rank correlation, the frequency of detection of femA, mecA, and femA þ mecA was evaluated against log10 of the GM concentration of staphylococci for each beach, but no Beach action value (BAV), United States Environmental Protection Agency, 2012 recreational water-quality criteria (USEPA 2012); 70 CFU/100 mL. e NA, beach did not have any sample that exceeded BAV; therefore, no value could be determined. f ND, not determined because three samples exceeded ENT BAV but staphylococci concentration was not quantifiable.
correlation was significant at P < 0.05 (Spearman's rho ¼ 0.571, À0.200, and 0.128, respectively).
The femA and mecA genes were detected in samples from beaches that exceeded as well as beaches that met water-quality criteria (Table 4 ). The femA gene was detected in 17% of samples from beaches that met the US RWQC criteria for E. coli, 15% of samples from beaches that would have been designated as excellent by the EU coastal waterquality criteria for E. coli, 11% of samples from beaches that met the US RWQC ENT criteria, and 10% of samples from beaches designated as excellent by the EU coast ENT criteria (Table 4 ). The Kruskal-Wallis test was used to compare frequency of gene detections between beaches that met or exceeded US RWQC criteria. The detection of femA was statistically significantly higher (P ¼ 0.011) at beaches that exceeded the US RWQC ENT criteria compared to beaches that met the US RWQC ENT criteria. However, the mecA gene was more frequently detected at beaches that met US E. coli RWQC (P ¼ 0.044). The result of a Kruskal-Wallis test followed by a Conover-Inman multiple comparison determined that 'good' beaches had a higher percentage of mecA gene detections than 'excellent' or 'poor' beaches.
Although no statistical difference at P < 0.05 was found for any other gene and US or EU criteria combination (Table 4) , femA þ mecA detection frequency tended to be least (P ¼ 0.054) at beaches with 'excellent' ENT water quality, and at beaches that met US ENT RWQC (P ¼ 0.100).
There was no statistical difference in detections of these genes in samples that exceeded, as opposed to met, the US E. coli BAV (two-tailed Fisher's exact test; P ¼ 0.848, 0.826, and 0.589 for mecA, femA, and femA þ mecA, respectively) or the US ENT BAV (P ¼ 0.741, 0.424, and 0.615 for mecA, femA, and femA þ mecA, respectively).
Detection of PVL and SSCmec gene types
Of the 13 beaches, eight had at least one sample (27 total samples) that was positive for both femA þ mecA, indicating the potential for MRSA (Table 5 ). The PVL gene was detected in 12 samples from six of the eight beaches with femA þ mecA positive samples. All five SCCmec types were detected.
PVL plus SCCmec types IV or V genes (CA-MRSA characteristic) were detected in six and four samples, respectively, and these occurred at four different study beaches. Figure 3 ) than samples collected before noon.
MRSA isolation
E. coli Met beach RWQC (n ¼ 179) (%) Exceeded beach RWQC (n ¼ 108) (%) Excellent (n ¼ 156) (%) Good (n ¼ 67) (%) Sufficient (n ¼ 0) Poor (n ¼ 64) (%)
Factors that influence staphylococci concentrations
The end-of-season GM staphylococci concentration for each beach (calculated using 300 in place of >300 CFU/100 mL) was significantly correlated (P < 0.05) with average percent 
DISCUSSION
Staphylococci concentrations were lower at beaches that met US RWQC or excellent EU criteria for E. coli or ENT than at beaches that exceeded US RWQC or were in other EU criteria categories. However, in this study, staphylococci concentrations were not correlated with the detection frequency of any gene. This could be a result of our methods as staphylococci concentrations were censored to 300 CFU/100 mL as a maximum value. In addition, SA and MRSA would likely constitute only a proportion of the total staphylococci in beach water. Thus, it remains unclear whether total staphylococci concentrations may be predictive of the occurrence of SA or MRSA.
The femA gene was detected more frequently at beaches that exceeded US ENT (but not E. coli) RWQC, although there was no significant relation with EU E. coli or ENT RWQC. There was also a tendency for femA þ mecA detections to be least frequent at beaches that met US RWQC or 'excellent' EU ENT (but not E. coli) RWQC, although this trend was not significant at P < 0.05. In addition, fewer of the 13 beaches we studied met US or EU ENT RWQC, as opposed to E. coli RWQC. Thus, our study indicates that E. coli was not predictive of the presence of SA ( femA) or MRSA ( femA þ mecA) at these beaches, and that a higher standard of microbiological water quality based on ENT may be needed in order to indicate the potential for SA in a water body. E. coli is an indicator of fecal pollution while staphylococci are found more frequently on the skin surface, and SA is considered an indicator of non-fecal shedding by swimmers for swimming pool evaluation (WHO ). Thus, a lack of relationship between E. coli and SA is reasonable. Enterococci, although often also of fecal origin, may also be native to the environment (Teixeira & Facklam ) , and may have environmental survival MRSA were confirmed through the isolation and sequence identification of four SA strains from three different beaches.
These isolates had both mecA and femA genes, PVL, and 
